The bulk of the fluorescence of lysozyme is located in Trp 62 and Trp 108. By examination of the fluorescence of derivatives in which Trp 62 and/or Trp 108 are specifically oxidized, it has been possible to detect a pH-dependent interaction between tryptophan residues. This interaction is interpreted as energy transfer from Trp 108 to Trp 62.
The efficiency of tryptophan fluorescence in proteins varies widely from one protein to another, with quantum yields ranging from about 0.025 to greater than 0.4 (1). In proteins containing more than one tryptophan, each residue can contribute differently to the emission intensity (2) . Studies of tryptophan emission in model compounds clearly demonstrate the great sensitivity of the emission intensity to environment (3); fluorescence measurements have been extensively used to obtain information about tryptophan environments in proteins (4) . The analysis and interpretation of luminescence data when the protein contains more than one tryptophan are highly uncertain. It is seldom possible to separate unambiguously the contributions of each tryptophan to the total emission. Energy transfer from tyrosine to tryptophan is, in some cases, a complicating factor (5) . Evidence for intertryptophanyl energy transfer has been presented (6) , although such transfer is commonly ignored.
Lysozyme is a very useful substrate for fluorescence studies for three reasons: (i) The tryptophan to tyrosine ratio is high (2: 1), and interference from tyrosine emission and/or tyrosine to tryptophan energy transfer is minimal; (ii) Derivatives can be prepared in which tryptophan (residue 62 or 108) is specifically oxidized (7) ; and (iii) The crystal structures of the native protein and several protein-saccharide complexes are known (8) .
In the present work, we evaluate the contributions of individual tryptophans to the emission and provide evidence for intertryptophanyl energy transfer in the fluorescence of lysozyme.
MATERIALS AND METHODS
The quantum yields of native, oxindole 62, and oxindole 108 lysozymes were measured relative to tryptophan in H20 with an Aminco-Bowman spectrofluorometer (30°, 0.1 ionic strength). The emission spectra were corrected by comparison with a corrected tryptophan spectrum generously provided by the Turner Instrument Co. The quantum yields of oxindole 62,108 lysozyme were obtained with an instrument of conventional design but greater sensitivity, assembled in this laboratory. Absorbance at 280 nm was in all cases kept below 0.1. Guanidine hydrochloride (guanidine) was ultrapure from Mann; N-bromosuccinimide was from Matheson; lysozyme. was from Worthington. The oxindole-108 derivative was prepared by iodine oxidation to give the oxindolealanine-108, Glu 35 ester, followed by guanidine denaturation and refolding to generate the oxindolealanine-108 protein by hydrolysis of the ester (ref. 7; Imoto and Rupley, unpublished) . N-bromosuccinimide oxidation (7) of native or oxindole-108 lysozyme gave the oxindole-62 or oxindole 62,108 derivatives.
The product of N-bromosuccinimide oxidation of N-acetyltryptophan ethyl ester did not fluoresce significantly under excitation at 280 nm.
RESULTS

Excitation and emission spectra
The corrected excitation spectrum (monitored at 340 nm) of native lysozyme at pH 5 is nearly coincident with the absorption spectrum. Hence, tryosine tryptophan energy transfer is unimportant (a small decrease in excitation efficiency at short wavelengths can be ascribed to absorption by nonfluorescing centers).
The emission spectra exhibit changes in shape and position with change in excitation wavelength. In particular, the emission spectrum of oxindole-108 lysozyme shifts to shorter wavelengths as the excitation wavelength is increased. A similar trend is obtained for oxindole-62 lysozyme, but the effect is less pronounced. These results indicate that at least two tryptophans emit in each of these derivatives. As will be discussed below, there are, in our opinion, at least three fluorescent tryptophans in native lysozyme.
The corrected emission maxima for the several proteins are recorded in Table 1 . Upon complexation with tri(N-acetylglucosamine), the emission spectra shift to shorter wavelengths, presumably (9) as a result of the more nonpolar environment surrounding the tryptophans in the active site (Trp residues 62, 63, and 108).
Fluorescence quantum yields
The values of Rtrp, the quantum yield of tryptophan emission in the protein, relative to the fluorescence quantum yield of free tryptophan in H20, are listed in Table 1 . A more useful (13) . Both the oxindole-62 and oxindole-108 proteins bind chitosaccharides, although more weakly than the native molecule, as expected from the participation of these residues in contacts with substrate. Finally, the proton magnetic resonance (PMR) spectrum and, in particular, the indole-NH proton frequencies are not affected by oxidation of Trp 62, except for the residue modified (14 An energy level scheme of minimal complexity and consistent with the emission spectra is shown in Fig. 1 . In this model, the emitting state of a tryptophan exposed to solvent arises from an exciplex, i.e., the state reached by absorption is higher in energy than the state that emits (16) . The magnitude of the splitting between the absorbing and emitting states depends upon environment, and is expected to be largest in Trp 62, which is exposed most fully to the aqueous solvent. The group R consists of four residues with differing environments, but at least one of the emitters in this group appears to fluoresce at a shorter wavelength than Trp 108. these two residues may be reduced by solvent envelopes. In the use of fluorescence results to infer chromophore environments, independence of chromophores in the emission has commonly been assumed. The intertryptophanyl interaction demonstrated in this paper for lysozyme suggests that caution be exercised with data for other proteins.
Complexation by tri(N-acetylglucosamine)
Binding of trisaccharide involves the active-site tryptophan residues 62, 63, and 108. An important structural change accompanies binding, namely, Trp 62 is moved close to, and more nearly parallel to, Trp 63 (8) . The likelihood of an exciton or excimer interaction between these chromophores is thereby considerably enhanced. The resulting alteration of the energy levels would not only lead to different intrinsic tryptophan fluorescence intensities, but the whole question of energy transfer must be reconsidered. Whereas, in the uncomplexed species, the fluorescence maxima of oxindole-108 and oxindole-62 lysozymes bracket the emission of the native protein, upon complexation the native emission occurs at shorter wavelengths than the emission of either derivative.
The pH dependence is more marked in the complexes. Although oxidation of both Trp 62 and Trp 108 reduces the binding constant to the point where the fluorescence intensity of the complex cannot be measured, nonetheless it is possible to compute a lower limit for the interaction term, In >0.47 at pH 8. This value is very large at pH 8, in contrast to the situation in the free enzyme, where I,, is essentially zero at this pH.
It must be emphasized that the conclusion that there are interacting tryptophan residues in lysozyme is not dependent upon the correctness of the detailed model (Fig. 1) . It rests only on the assumption that oxidation of residues 62 or 108 does not perturb the local environments of the other tryptophan residues.
Ester-108 lysozyme
The absorption spectrum of ester-108 lysozyme and native lysozyme are nearly the same, but the circular dichroic (CD) spectrum indicates that the absorption of ester-108 lysozyme has a longer-wavelength component (20) 
